Decellularized tissue-engineered heart valves (DTEHVs) showed remarkable results in translational animal models, leading to recellularization within hours after implantation. This is crucial to enable tissue remodeling. To investigate if the presence of scaffold remnants before implantation is responsible for the fast recellularization of DTEHVs, an in vitro mesofluidic system was used. Human granulocyte and agranulocyte fractions were isolated, stained, brought back in suspension, and implemented in the system. Three different types of biomaterials were exposed to the circulating blood cells, consisting of decellularized tissue-engineered constructs (DTECs) with or without scaffold remnants or only bare scaffold. After 5 h of testing, the granulocyte fraction depleted faster from the circulation than the agranulocyte fraction. However, only granulocytes infiltrated into the DTEC with scaffold, migrating toward the scaffold remnants. The agranulocyte population, on the other hand, was only observed on the outer surface. Active cell infiltration was associated with increased levels of matrix metalloproteinase-1 secretion in the DTEC, including scaffold remnants. Proinflammatory cytokines such as interleukin (IL)-1a, IL-6, and tumor necrosis factor alpha (TNFa) were significantly upregulated in the DTEC without scaffold remnants. These results indicate that scaffold remnants can influence the immune response in DTEC, being responsible for rapid cell infiltration.
Introduction
C ongenital heart diseases, including heart valve defects, affect 1.35 million newborns annually, making them accountable for one-third of all major birth defects. 1 Currently, pediatric patients who undergo heart valve replacement require multiple surgical interventions since none of the current available prostheses can accommodate for growth, repair, and remodeling. 2 This is associated with increasing rates of morbidity and mortality. 3 Over the years, various decellularized bioprostheses have been investigated for their potential to provide heart valve implants with regenerative capacity. 4 Recellularization is of crucial importance to rearrange the extracellular matrix and facilitate future growth. However, xenografts 5 or allografts 6 have so far shown little evidence of proper recellularization by the host. 7 This limitation can be overcome by the use of tissue-engineered implants. 8 Based on our recent in vivo studies, in which decellularized tissue-engineered heart valves (DTEHVs) were implanted in sheep and nonhuman primates, recellularization with a first influx of blood-derived cells was observed within hours of implantation. Furthermore, a secondary influx of cells from the adjacent native tissue gradually started to infiltrate toward the leaflets within 8 weeks. 9, 10 However, the mechanism that triggers the cellular influx is still unknown. Typically, infiltrated cells group in the vicinity of scaffold remnants. Therefore, it is hypothesized that the presence of scaffold remnants might trigger the first influx of cells.
In addition, the response of immune cells is known to differ between biomaterials and may play a critical role in guiding the regenerative response. 11, 12 Depending on the cytokine environment created by the first influx of cells, polarization, for instance, of t-helper cells and macrophages, can be affected and influence tissue regeneration. 13 To investigate if scaffold remnants trigger the first cellular influx and to elucidate on the nature of the immune response, a mesofluidic in vitro flow setup was used. 14 This platform consists of a cross-flow chamber incorporated into a flow loop, where the sample of interest is exposed to circulating blood cells under physiological wall shear stress and perfusion pressure. This system creates a fully developed flow profile with homogeneous shear stress distribution over the sample.
Decellularized tissue-engineered constructs (DTECs) with and without scaffold remnants were included, as well as bare scaffold samples. Granulocyte and agranulocyte fractions were isolated from human peripheral blood, stained, brought back in suspension, and incorporated in the system. Every hour, the composition of the remaining circulating cell population was analyzed through flow cytometry, where the experiment was terminated after 5 h. Samples from the circulation were taken for enzyme-linked immunosorbent assay (ELISA) to investigate the released cytokine profiles. The biomaterials were subsequently subjected to scanning electron microscopy (SEM) for surface analyses, confocal microscopy, and fluorescence microscopy for cellular infiltration.
Materials and Methods

Biomaterials
DTECs were produced and analyzed according to previously developed protocols. 15 Within this study, three different biomaterials were evaluated under equivalent conditions. One group contained only scaffold, a second group contained tissue and scaffold remnants, and a third group contained only tissue.
Construct 1: bare scaffold. Before their use in the mesofluidic setup, circular scaffolds (n = 4) with a diameter of 2.5 cm were cut from nonwoven polyglycolic acid meshes (PGA, thickness 1.0 mm, specific gravity 70 mg/cm 3 ; Cellon, Luxembourg) (Fig. 1A ).
Construct 2: DTECs with scaffold. Circular PGA scaffolds (n = 4) were sewn (Prolene 4-0; Ethicon) onto stainless steel rings, coated with 1% poly-4-hydroxybutyrate (P4HB; MW: 1 · 10 6 ; TEPHA, Inc.) in tetrahydrofuran (THF; Sigma-Aldrich), placed overnight in a six-well plate to evaporate the THF, and cultured as described below before use in the mesofluidic setup (Fig. 1B) .
Construct 3: DTECs without scaffold. DTECs without scaffold (n = 4) were grown in circular-shaped Velcro rings with a diameter of 2.5 cm based on the use of fibrin. The Velcro parts were mounted (Silastic MDX4-4210; Dow Corning) into the bottom of six-well plates and cured overnight at 37°C. The patches were cultured as described below and placed in the mesofluidic setup (Fig. 1C) . Primary isolated human vascular-derived venous myofibroblasts were harvested from the vena saphena magna of a 77-year-old patient, 16 according to the Dutch guidelines for secondary used materials (0.3 · 106 cells/cm 2 , passage 6). The tissue production capacity of these cells has been thoroughly investigated in previous studies, confirming mature extracellular matrix formation, comprising densely packed collagen and glycosaminoglycans. 10, 15, 17, 18 The cells were seeded either into the PGA scaffold or into the Velcro rings, using fibrin as a cell carrier. The seeded constructs were provided with growth medium supplemented with l-ascorbic FIG. 1. Schematic overview. Biomaterials of interest used in this study, with bare scaffold (A), decellularized tissue-engineered construct with scaffold remnants (B), and decellularized tissue-engineered constructs without scaffold remnants (C). Before the experiment, all constructs were acellular. The circulating cell population contained the agranulocyte fraction in green and the granulocyte fraction in red. After 5 h of the experiment, the bare scaffold material contained both cell types, the tissue with scaffold remnants contained only the granulocyte fraction and the tissue without scaffold remnants only revealed a surface layer of cells. acid 2-phosphate (0.25 mg/mL; Sigma) and 6-aminocaproic acid (ACA, 1 mg/mL; Sigma) for 2 weeks, whereafter the ACA was removed from the medium and patches were cultured for additional 2 weeks.
Decellularization. After 4 weeks of culture, all tissueengineered patches (n = 8), both with and without scaffold, were decellularized as previously described. 19 Briefly, the patches were washed three times for 10 min with PBS and decellularized overnight in detergent solution (0.25% Triton X-100, sodium deoxycholate, and 0.02% EDTA). Nucleic remnants were enzymatically removed by using three Benzonase (EMD Millipore) incubation steps and diluted in 50 mM TRIS-HCL buffer solution in concentrations of 100, 80, and 20 U/mL for 8, 16, and 8 h, respectively, on a shaker at 37°C. Afterward, the patches were washed three times with PBS and incubated for 24 h in M-199 medium (Gibco) on a shaker at 4°C to remove cellular remnants. Patches were washed three times with PBS, sterilized with 70% EtOH for 15 min, washed three times with PBS, and incubated for 30 min in an antibacterial-antifungal solution. After sterilization, patches were stored at 4°C until further use.
Experimental setup
Blood collection and preparation. Peripheral blood samples (40 mL) were isolated from healthy human male donors (n = 4 with age between 26 and 32) under informed consent, as approved by the Dutch Medical research Ethics Committees United, and registered with reference name ''Initial Immune Response to new Biomaterials'' and number NL53574.100.15. The blood samples were separated into fractions of plasma, agranulocytes, granulocytes, and erythrocytes through density gradient centrifuging at 700 g over two stacked layers of histopague with different densities (Histopague 1119 and Histopague 1077; Sigma-Aldrich) and washed with PBS. The isolated agranulocyte fraction was stained with CellTracker Green (Life Technologies) and the granulocyte fraction with CellTracker Orange (Life Technologies) for 30 min and washed with PBS. Erythrocytes were discarded, whereafter the stained granulocyte and agranulocyte fractions were resuspended in the plasma and added up to 40 mL with PBS.
Mesofluidic system. An in-house developed mesofluidic setup was used to investigate the interaction of circulating cells with biomaterials as described by Smits et al.
14 In brief, rectangular strips (10 · 15 mm 2 ) were taken from the individual biomaterials and positioned into three independent fluidic units (Ibidi GmbH, Germany), each containing the prepared blood samples with a total volume of 7.5 mL. Samples were extracted to perform baseline measurements on protein levels before dividing the cell suspension over the experimental setups. Motion of the cell suspension was driven through a pulsatile flow using a pressure pump (Ibidi GmbH). Flow conditions were set at a frequency of 1 Hz with a peak shear stress and peak pressure of *1.6 Pa and 20 mmHg, respectively, to mimic physiological pulmonary valvular hemodynamic conditions. Samples of the circulating cell suspension were taken every hour during flow using in-line injection ports (Ibidi GmbH) and fixated in formaldehyde (3.7% v/v; Merck Millipore). These samples were later on used for flow cytometry. After 5 h, the experiment was terminated and the biomaterials were taken out for further analysis. For multiplex ELISA, 300 mL of cell suspension was taken and centrifuged for 1500 g to obtain platelet-rich medium. Plasma was transferred to new tubes and centrifuged for 13,000 g to obtain platelet-free plasma and snap-frozen immediately afterward. Biomaterial samples were fixed in formaldehyde (3.7% v/v; Merck Millipore) for confocal microscopy and histology or fixated in glutaraldehyde (2.5% v/v; Sigma-Aldrich) for SEM.
Analyses
Flow cytometry. To assess the composition of the circulating cell population, samples (n = 4 per time point) were analyzed with a benchtop flow cytometer (Guava easyCyte 6HT; Merck Millipore). Samples were centrifuged at 200 g and resuspended in PBS. Debris was excluded using a threshold on the forward scatter signal and at least 20,000 events were counted per sample. Data analysis was performed using Guava Express Pro software (Guava Express Pro; Merck Millipore) in combination with InCyte software (InCyte v2.7; Merck Millipore). Granulocytes were separated from the agranulocytes by gating first on cell size and granularity (forward scatter and side scatter, respectively) and on color in a second gating step. Data were normalized to the amount of circulating cells at the start of the experiment. The best fit was determined for either a line or one-phase decay.
Confocal microscopy. Fixed biomaterial samples (n = 4 per group) were analyzed with a confocal microscope (TCS SP5X; Leica, Germany) to investigate the distribution of different cell fractions. Granulocytes were visible in red and agranulocytes in green. Scaffold remnants could be visualized through autofluorescence in the blue channel. Samples were immersed in PBS and mounted between two preparation glasses. The specimens were observed with a 10 · objective and Z-stacks were made throughout a depth of 200 mm. Afterward, a maximum intensity projection was made in Z-direction.
Fluorescence microscopy. To investigate the infiltration depth of the cells into the biomaterials, histology was performed. After confocal microscopy analyses, samples were embedded in Tissue-Tek (Sakura, The Netherlands) and cured gradually in liquid nitrogen vapor. Cryosections of 60 mm thickness were cut, embedded in Mowiol (Sigma-Aldrich), and analyzed through fluorescence microscopy (Axiovert 200 M; Zeiss, Germany). Scale bars represent 200 mm.
Scanning electron microscopy. To investigate cell attachment to the biomaterials, glutaraldehyde-fixed samples were washed twice in PBS and dehydrated in a graded ethanol series, starting from 70% (v/v) to 100% (v/v) with 10% increments, whereafter the ethanol was allowed to evaporate. Samples were visualized by SEM (Quanta 600F; FEI, The Netherlands) with a 3.0 kV electron beam at low vacuum mode.
Multiplex ELISA. Released cytokine profiles in response to the biomaterials were analyzed using multiplex ELISA. These tests have been performed by the Multiplex core facility of the Laboratory for Translational Immunology of the University Medical Center Utrecht in the Netherlands by using an in-house developed and validated multiplex immunoassay based on Luminex Technology. Samples were incubated with antibody-conjugated MagPlex microspheres (BioRad, Hercules) for 1 h at room temperature with continuous shaking, followed by 1-h incubation with biotinylated antibodies, and 10-min incubation with phycoerythrinconjugated streptavidin diluted in high-performance ELI-SA (HPE) buffer (Sanquin, The Netherlands). Acquisition was done using a FLEXMAP 3D system controlled with xPONENT software (v 4.1; Luminex). Data were analyzed by five-parametric curve fitting using Bio-Plex Manager software (version 6.1.1; BioRad).
Statistics
For flow cytometry, data are represented as mean -standard error of the mean. Differences in depletion profiles were investigated by using nonlinear regression analysis in terms of a one-phase decay fit with a fixed constraint of 100% at the start. For multiplex analyses, data are represented as mean -standard deviation and analyzed through one-way analysis of variance, followed by Dunnett's multiple comparison correction. Statistical analysis was performed using Prism software (v5.0 GraphPad Software) with results considered significant for p values <0.05.
Results
Blood preparation
The purity of stained cell fractions was analyzed using flow cytometry. To distinguish granulocytes from agranulocytes, first, cells were gated based on size and granularity ( Fig. 2A) . Second, events were gated based on fluorescence intensity (Fig. 2B) , whereby two peaks could be observed in the agranulocyte fraction (Fig. 2C) and one peak was evidenced in the granulocyte fraction (Fig. 2D) . Positive stained events were calculated as a percentage of all events. This resulted in stained events in red of 20.65% -6.38%, greenstained events of 26.89% -6.99%, or a double staining of 2.29% -1.26%. From all the single red events, 86.09% -5.65% resided within the granulocyte gate and 6.57% -6.49% within the agranulocyte gate. In case of the single green events, 89.37% -7.69% resided within the agranulocyte gate and 5.91% -3.38% within the granulocyte gate.
Circulating cells
The circulating cell population was investigated over time through flow cytometry. It appeared that the granulocyte fraction in the bare scaffold samples depleted faster from the circulation compared with DTECs ( p = 0.0022) (Fig. 3) . In this study, after 60 min, the circulating cells decreased to 46.16% -6.47% of the
FIG. 2. Flow cytometry analyses.
Representative side-forward scatter plot, including the applied gates for granulocyte and agranulocyte fractions (A). A representative green-yellow fluorescence plot with a high and low green gate, a yellow gate, and a double stained gate (B). Green fluorescence intensity plot with two distinguishable peaks (C). Yellow fluorescence intensity plot with one clear distinguishable peak (D). The counted color-gated fractions represented as percentage, and the associated cell type discrimination fraction (E).
initial starting value, being significantly lower compared with both DTECs ( p = 0.0017). In addition, the plateau level of bare scaffold samples was lower than DTECs ( p = 0.0016).
Cellular distribution
Cell distribution was analyzed with confocal microscopy. In all biomaterials, cells were homogeneously distributed over the sample. In the bare scaffold, both granulocytes and agranulocytes were located near the scaffold fibers (Fig. 4A) . In the DTEC with scaffold fibers also, both granulocytes and agranulocytes appeared near the fibers, but the agranulocytes were as well observed between the fibers.
Cellular infiltration
To see to what extent cells actually infiltrated into the biomaterials, cross sections of individual biomaterials were made. In the bare scaffold samples, cells were observed throughout the entire thickness of the biomaterial (Fig. 5A) . In the DTECs with scaffold, granulocytes were observed in the core of the biomaterial, whereas the agranulocytes were located at the surface (Fig. 5B) . Therefore, it seems that within 5 h, the granulocytes are actually capable of infiltrating into the core of the biomaterial. In case of the DTECs without scaffold, both granulocytes and agranulocytes were located at the surface of the biomaterial. No cellular infiltration was observed in these constructs.
Surface profile
A surface analysis was performed through SEM. On the bare scaffold samples, cells were located and homogeneously distributed along the individual scaffold fibers (Fig. 6A ). On DTECs with scaffold, cells were adhering to the surface of the tissue. Scaffold fibers were nicely embedded into the tissue and not exposed to the surrounding (Fig. 6B) . In DTECs without scaffold, cells were observed adhering to the surface (Fig. 6C) .
Cytokine release
After 5 h, the experiment was terminated and the circulating medium was analyzed for the enzyme release profile (Fig. 7) . What was observed is that inflammatory regulating cytokines, tumor necrosis factor alpha (TNFa) ( p = 0.0259), interleukin (IL)-6 ( p = 0.0057), and IL-1a ( p = 0.00233), in DTECs without scaffold were all upregulated compared with the control levels. The level of monocyte recruiting cytokine monocyte chemotactic protein 1 was upregulated in both DTECs without scaffold ( p = 0.0064) and DTECs with scaffold ( p = 0.0007) compared with the control group. When looking at the protein matrix metalloproteinase-1 (MMP-1), which is associated with active cell infiltration by means of collagen degradation, this protein is significantly upregulated only in DTECs with scaffold material ( p < 0.0001), indicative of active cellular infiltration into this biomaterial.
Discussion
DTEHV implantation has shown cell infiltration within hours in previous in vivo experiments. 9, 10 These observations anticipated the possibility to provide regenerative capacity to the bioprosthetic heart valve. Based on histological findings, the infiltrated cells were mainly located in the vicinity of scaffold remnants. This raised the question whether the scaffold material, residing inside the DTEHVs, was responsible for triggering active cell infiltration. In this study, three different biomaterials were produced and tested using a mesofluidic bioreactor system that circulates cells under physiological conditions. DTECs were successfully produced, either with or without scaffold material, and their effects on the circulating cells were compared with the bare scaffold material.
Blood cells were isolated and stained to distinguish between the granulocyte and agranulocyte fractions. Flow cytometry analyses, however, revealed three distinguishable cell populations with one clear peak originating from the granulocyte cell fraction and two clear distinguishable peaks arising from the agranulocyte fraction. Even in the control samples containing only the agranulocyte fraction, two clear distinguishable peaks could be observed (results not shown). The dye used in this experiment relies on an intracellular glutathione S-transferase-mediated reaction to activate fluorescence. Glutathione levels relate to the metabolic activity of eukaryotic and prokaryotic cells and are regulated by mitochondrial activity. 20 This leads to different glutathione levels between cell types, having higher concentrations in the monocyte population compared with the lymphocyte population. 21 This might explain why the agranulocyte fraction revealed two distinguishable fluorescent peaks, having a stronger signal for the monocyte fraction indicated in green compared with the lymphocyte fraction indicated in blue ( Fig. 2A, B) .
Based on flow cytometry analyses after 5 h of circulation, the agranulocyte population is still above 50% of the initial concentration (Fig. 3) . When comparing this with the granulocyte fraction, it appears that the curve is still in its linear phase when being above its half-time value. Therefore, it can be assumed that the agranulocyte fraction might eventually also decrease in a similar exponential way. However, a 5-h time span might not be sufficient to observe this behavior.
A clear difference in infiltration speed and total amount of cell infiltration was observed in the granulocyte fraction of the bare scaffold sample compared with both DTECs. This can be explained by the porous three-dimensional (3D) open structure of the biomaterial. Since all the individual scaffold fibers are in direct contact with the cells, the total surface area to which cells can adhere is much larger compared with the other biomaterials. Interestingly, no differences in granulocyte depletion were observed between the two types of DTECs. Despite the fact that it appeared that the granulocytes actively infiltrated into the tissue-engineered samples with scaffold, as was shown from the fluorescence cross-section analyses, the total amount of infiltrating cells from this fraction was not significantly larger.
What can be seen from the infiltrated cells in the tissueengineered sample with scaffold ( Fig. 4B) is that granulocytes were observed mainly near the scaffold fibers as depicted in blue. This result suggests that the infiltrated cells actively migrate toward the scaffold remnants, which are embedded into the tissue. Granulocyte infiltration into the core of the construct can be seen in Figure 5B ; however, in Figure 6B , no scaffold fibers appeared to be present on the outside of the tissue-engineered construct. This might explain that upregulation of MMP-1 was probably secreted by the granulocyte fraction to actively infiltrate the tissue construct.
In this study, the rapid recellularization of granulocytes and the increase of proinflammatory cytokines might not be favorable for tissue regeneration. Future studies are therefore required to investigate which specific cell fraction from the granulocyte population infiltrated the DTECs with scaffold remnants and the effect of the first influx of granulocytes on the differentiation and polarization of monocytes and macrophages in the secondary influx of agranulocytes. A possible strategy would be to isolate cell fractions using fluorescence-activated cell sorting, by which cell populations could be stained and tracked accordingly, or even be fully excluding from the study. In this way, a better understanding of a possible priming effect from the granulocytes and the influence on tissue regeneration on the agranulocytes could be further investigated.
The granulocytes infiltrated into the constructs that contained scaffold remnants, but not in those without the scaffold. Therefore, it seems that circulating cells are able to sense the presence of encapsulated remnants. In this study, chemotactic compounds could have been formed during decellularization as no protease inhibitors were used. In addition, the influence of polymer degradation on the local acidity and cell activation might be worthwhile to further investigate. Although it is still not fully understood how these immune cells sense the presence of foreign material, it could be hypothesized that Toll-like receptors might play an important role to detect polymer biodegradable products. 22 During culture of tissue-engineered constructs over a period of 4 weeks, PGA scaffold starts hydrolyzing after the second week, 18 but still polymer remnants will be present by the end of the culture procedure. After implantation, ongoing degradation of these remnants could lead to a local pH drop, making the environment more acidic. 23 Although it is known that an acidic environment can be beneficial for integrin activation, thereby affecting cellular adhesion and migration, 24 there is also contradicting literature available describing the impaired effects of a low pH on granulocyte migration and infiltration. 25 Despite the effects on cellular migration, changes in extracellular pH can heavily affect immune activity and result in a diminished release of proinflammatory cytokines when these secreting cells are present in acidic environments. 26 In this study, proinflammatory cytokine release of IL-1a, IL-6, and TNFa had a decreasing trend as the amount of scaffold content increased. Therefore, it can be hypothesized that these fast degrading polymers create a local acidic environment that can suppress a proinflammatory response. It has to be mentioned that enzyme secretion over time was not further investigated and is therefore a limitation of this study. How results from these protein release profiles translate to the pediatric application still remains to be evaluated as the adaptive immune system of young children might still be underdeveloped compared with adults. 27 However, within the 5 h evaluated in this study, the influence of the adaptive immune response might be negligible as the observations are most likely a direct result of mainly the innate immune response within this time frame. Where various research groups use peripheral blood mononuclear cells to investigate the regenerative response of immune cells to biomaterials, this study highlights the importance of including granulocytes for future in vitro studies.
Conclusion
This study was aimed at finding the reason why our DTEHVs showed cellular infiltration within hours of implantation. An in vitro setup was used to bring blood cells in contact with tissue-engineered biomaterials, either with or without scaffold remnants, and compare them with bare scaffolds. Results show that granulocyte fractions are activated mainly within 5 h. These cells have shown to infiltrate into the core of the construct only in the tissue-engineered samples that do contain scaffold material. Once inside the construct, granulocytes migrate toward the scaffold remnants. Furthermore, MMP-1 is significantly upregulated in the tissue-engineered constructs, including scaffold remnants. These results confirm the hypothesis that scaffold remnants are responsible for early recruitment of blood cells. However, proinflammatory cytokines such as IL-1a, IL-6, and TNFa are significantly upregulated only in the constructs without scaffold remnants. To summarize, scaffold remnants in tissue-engineered constructs can influence the immune response and promote rapid cellular infiltration.
